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Abstract
Fibrils of the intrinsically-disordered protein α-synuclein are hallmarks of Parkinson's disease.
The fluorescent dye thioflavin T is often used to characterize fibrillation, but this assay may not
provide quantitative information about structure and mechanism. To gain such information, we
incorporated the 19F-labeled amino acid, 3-fluorotyrosine, into recombinant human α-synuclein at
its endogenous tyrosine residues. Tyrosine 39 is in the positively-charged N-terminal region of
this 140-residue protein. The other three, tyrosines, 125, 133, and 136, are near the C-
terminus. 19F-nuclear magnetic resonance spectroscopy was used to study several properties of
labeled α-synuclein, including its conformation; conformational changes induced by urea,
spermine, and sodium dodecyl sulfate (SDS); its interaction with SDS micelles; and the kinetics of
fibril formation. The results show that the tyrosines are in disordered regions but that there is some
structure near position 39 that is disrupted by urea. SDS binding alters the conformation near
position 39, but the C-terminal tyrosines are disordered under all conditions. The NMR data also
indicate that SDS-micelle bound α-synuclein and the free protein exchange on the 10-ms time
scale. Studies of fibrillation show the utility of 19F-labeled NMR. The data indicate that
fibrillation is not accompanied by the formation of large quantities of low molecular-weight
intermediates. Although dye-binding and 19F NMR data show that 1-mM SDS and 1-mM
spermine accelerate aggregation compared to buffer alone, only the NMR data indicate that the
species formed in SDS are smaller than those formed in buffer or buffer plus spermine. We
conclude that 19F NMR spectroscopy is useful for obtaining residue-level, quantitative
information about the structure, binding, and aggregation of α-synuclein.
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α-Synuclein is 140 amino-acids long with three distinct regions. The N-terminal region is
positively charged, the hydrophobic core comprises residues 61–90, and the C-terminal
region is negatively charged (1). As shown in Figure 1A, the protein has four unevenly-
distributed tyrosines, one (Y39) near the N-terminus and three (Y125, Y133, and Y136) near
the C-terminus.
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Monomeric α-synuclein is disordered and forms amyloid-like fibrils (1-9). These fibrils are
major components of Lewy bodies, the hallmark of Parkinson's disease (10). The fibrils are
linear rods, 5–10 nm in diameter, much like those seen in other amyloid diseases (3). The
fibrils form insoluble cross-β-sheets, and fibril growth in vitro exhibits a sigmoidal time
dependence (11, 12). Prior to the growth phase is a lag, the length of which depends on
conditions, such as concentration, pH, etc. Following the lag is a period of elongation in
which the fibril concentration increases exponentially and then plateaus (13). NMR and
other techniques have been used to characterize the structure and dynamics of α-synuclein
in solution and in fibrils. Nevertheless, the mechanism by which the mainly disordered
monomer assembles into stacked β-sheet structured fibrils is unclear.
Fibril growth can be monitored with thioflavin-T (ThT)1. This dye experiences a shift in
excitation and emission when bound to β-sheets in fibrils (14). Although ThT fluorescence
is frequently used to assess α-synuclein fibrillation, the specificity and efficiency of ThT
binding varies with fibril morphology and structure (15-17). Small molecules can also affect
its fluorescence. Thus, ThT may not provide unambiguous information and cannot provide
residue-level information. Fink and coworkers have used a variety of techniques, including
Fourier transform infrared resonance, circular dichroism, and light scattering, to characterize
α-synuclein fibrillation (6, 18, 19). These studies suggest the existence of intermediate states
prior to fibril formation.
The 19F chemical shift is known for its sensitivity to the environment, and hence should be a
good reporter of conformational changes during fibrillation (20, 21). Furthermore, adding a
few fluorine atoms to a protein has a minimal effect on structure and dynamics (22). For
instance, Winkler et al. (23) incorporated 5-fluorotryptophan into α−synuclein at three
positions, and found only minor differences in the microenvironment. Here we report
selective incorporation of 3-fluorotyrosine (fY) into α–synuclein (Figure 1A) and the use
of 19F NMR to characterize the labeled proteins and assess its fibrillation.
MATERIALS AND METHODS
19F-labeled α-synuclein
Site-directed mutagenesis was carried out by using the QuickChange system (Stratagene)
with the following mutagenic primers: Y125F, 5’CCTGACAATGAGGCTTTTGAAATG
CCTTCTGAG3’; Y133F, 5’ CTTCTGAGGAAGGGTTTCAA GACTACGAACC3’; and
Y136F, 5’GCCT TCTGAGGAAGGGTACCAAGACTTCGAACCTGAAG CCTAAC3'.
The incorporation of fY into α-synuclein was achieved by using a slight modification of a
previous procedure (24). Ampicillin was added to a final concentration of 0.1-g/L to all
media, and all water was distilled and deionized. A single colony of Escherichia coli strain
BL21 DE3 Gold harboring the pT7-7 plasmid was picked from an ampicillin plate and used
to inoculate 50 mL of Luria-Bertani media (10-g/L Bacto-Tryptone, 5-g/L Bacto-yeast
extract and 10-g/L NaCl). The culture was shaken overnight at 37 °C. Between 7- and 10-
mL of the culture was used to inoculate 100 mL of 2×TY media (16-g/L Bacto-Tryptone,
10-g/L Bacto-yeast extract, 5-g/L NaCl, 1-mM NaOH). The culture was shaken at 37 °C
until the optical density at 600 nm of a 1-cm pathlength sample (OD600) reached 0.8. The
cells were harvested by centrifuging at 2600g for 10 min. The pellet was resuspended in 1 L
of M9 media, which is made by combining 200 mL of M9 salts (64-g/L Na2HPO4●7H2O,
15-g/L KH2PO4, 2.5-g/L NaCl, 5-g/L NH4Cl, 1-M MgSO4), 2 mL of 1-M MgSO4, 10 mL of
40% (w/v) glucose, and 100 μL of 1-M CaCl2 followed by diluting the mixture to 1 L. Cells
1Abbreviations: fY, 3-fluorotyrosine; NMR, nuclear magnetic resonance; PAG, poly acrylamide gel; PBS, phosphate buffered saline;
SDS, sodium dodecyl sulfate; ThT, thioflavin T.
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were grown to an OD600 of 0.4 then supplemented with 0.5 g of glyphosate, 70 mg of m-
fluoro-D,L-tyrosine (Sigma-Aldrich), 60 mg of L-tryptophan, and 60 mg of L-phenylalanine.
The culture was then grown to an OD600 of 0.8. α–Synuclein expression was induced with
isopropyl β-D-1-thiogalactopyranoside (1 mM final concentration). The culture was
incubated overnight with shaking at 37 °C. The protein was purified as previously described
(25), except that the freeze-thaw step was eliminated. The protein purity was assessed with
SDS-polyacrylamide gel (PAG) electrophoresis and mass spectrometry. The typical yield of
pure protein is ~15 mg from 1 L of saturated culture.
Mass Spectrometry
Samples were desalted and concentrated with C4 ZipTips (Millipore Corporation). The tip
was then washed with water and eluted with 5 μL of a 50:50 (v/v) solution of water and
acetonitrile containing 0.1% (v/v) formic acid. Nano-electrospray mass spectrometry was
performed on an Applied Biosystems QSTAR-Pulsar QqTof instrument. The sample,
comprising 1 μL of eluant, was loaded into a borosilicate nanospray needle (ES381,
Proxeon Corporation). The instrument was calibrated with renin substrate
(DRVYIHPFHLVIHN, 1.7589 kDa, Sigma-Aldrich). Spectra were deconvoluted with
BioAnalyst software (Applied Biosystems).
Fibrillation
Reactions (600 μL) comprised 200-μM α-synuclein in phosphate buffered saline (PBS,
2.29-g/L Na2HPO4, 0.524-g/L NaH2PO4●H2O, 5.51-g/L NaCl, pH 7.4) containing 1-mM
EDTA and 500-μM phenylmethylsulfonyl fluoride. Fibril formation was induced at 37 °C
by agitation in a New Brunswick I-26 shaker at 225 rpm. Samples (10μL) were removed
and combined with 100 μL of aqueous 250-μM ThT (Sigma-Aldrich). Fibril growth was
assessed from the emission at 482 nm. The fluorescence was measured in 96-well plates by
using a Molecular Devices SpectraMAX Gemini EM microplate spectrofluorometer with the
excitation wavelength set at 442 nm. The ThT-containing samples were discarded after
measurement. Control assays with ThT indicate that fluorinated and nonfluorinated α-
synuclein have similar fibrillation rates.
Electrophoretic analysis of fibrils
Fibrils were separated from smaller species by centrifugation at 17000g for 10 min. Fibrils
(pellet) and smaller aggregates (supernatant) were treated with SDS and boiled for 10 min
before analysis. Eighteen-lane 18% Tris-HCl Criterion gels (Invitrogen) were
electrophoresed for 75 min at 200 V. Coomassie stained gels were analyzed by using a
VersaDoc MP imager (Bio-Rad).
19F NMR
Spectra were acquired on a Varian Inova 600 spectrometer equipped with a 19F-{1H} z-
gradient probe. The samples (pH 7.4) contained 10% (v/v) D2O, 50-mM PBS, 1-mM EDTA
and 500-μM phenylmethylsulfonyl fluoride. Spectra were recorded with 40-kHz sweep
width at 37 °C unless noted otherwise. Each spectrum comprised 32-k complex points of
512- or 1024- pulses with a recycling delay of 2 s. Proton decoupling was not applied to all
spectra. All other acquisition and processing parameters were kept the same to facilitate
sample-to-sample comparisons. Chemical shifts are referenced to trifluoroacetic acid at 0
ppm. For fibrillation studies, the samples were returned to the appropriate reaction after
spectroscopy.
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Mass spectrometric analysis of labeled and unlabeled α-synuclein
fY labeling was characterized by using electrospray ionization mass spectrometry. Figure 2
shows the spectrum of the labeled protein. The smallest species has a mass of 14461 amu,
consistent with the calculated value of 14461 Da for the unlabeled protein. The other major
species have molecular masses of 14478-, 14495-, 14515- and 14535- Da, consistent with
proteins containing one through four fY residues. The relative peak heights are consistent
with random labeling. The origin of the two minor species that appear to contain five and six
fluorine atoms is unclear.
19F NMR resonance assignments
As expected, we observe four resonances in samples of fY-labeled α-synuclein (Figure
3). 19F assignments were obtained by changing tyrosine residues, one at a time, to
phenylalanine. The spectrum of each variant lacks one resonance compared to the fully
labeled wild-type protein. The free fY in cell lysates was used as an internal chemical shift
standard.
Perturbing the 19F chemical shift
Figure 4 shows spectra of fY labeled α-synuclein in isotopic waters containing 90% H2O/
10% D2O (v/v), and 100% D2O. Increasing the amount of D2O causes all four resonances to
shift to higher field by 0.21 ppm. Figure 5 shows spectra of labeled α-synuclein in buffer, 8-
M urea and 200-mM SDS. The chemical shifts of the three C-terminal residues are the same
in SDS, urea, and buffer. The fY39 resonance shifts to higher field in urea and SDS. The
largest shift change, ~0.35 ppm, is observed in SDS and is accompanied by broadening of
the fY39 resonance.
SDS-micelle interactions
The spectra in Figure 6 were acquired with 200-μM α-synuclein as a function of SDS
concentration. The intensity of the fY39 resonance decreases with increasing SDS
concentration. When the SDS concentration reaches 12 mM, a new broad resonance appears
whose intensity increases with SDS concentration. The temperature dependence was also
examined (Figure 7). In 6-mM SDS at 37 °C, the fY39 resonance is too broad to detect.
When the temperature is increased to 60 °C, a new resonance appears at −59.7 ppm, and the
whole spectrum shifts to lower field. In 18-mM SDS, the new fY39 signal is present at both
37 °C and 60 °C and sharpens at the higher temperature.
Time course experiments
We studied α-synuclein fibrillation under four conditions: buffer alone and buffer plus 1-
mM SDS, 5-mM SDS or 1-mM spermine. Figure 8 shows 19F spectra as a function of
incubation time. At zero time, the spectrum in spermine is the same as that in buffer. In
SDS, the fY39 resonance from the free form broadens and is undetectable in 5-mM SDS.
The resonances decrease in intensity after two days, with the fY39 resonance decreasing
faster than those of the C-terminal residues. No chemical shift changes or new resonances
are observed during fibril formation under any conditions. The signal loss plateaus after six
days for all the samples.
Comparing ThT fluorescence data to 19F NMR data
The kinetics of α-synuclein fibrillation were monitored by fluorimetry and 19F-NMR
spectrometry. Figure 8 shows the time-dependence of the NMR spectra acquired in buffer,
1-mM spermine, 1-mM SDS and 5-mM SDS at 37 °C. Figure 9 shows their fluorescence
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intensities and integrated 19F signals as a function of time. Samples for fluorimetry and
NMR analysis were removed at the same time. The time course for the NMR data is similar
to that for ThT except for the 1-mM SDS sample, where the NMR data suggest less fibril
formation.
Figure 10 shows the SDS-PAG analysis of fibrillation. The soluble supernatant samples
represent monomer and small aggregates. The pellets represent the high molecular-weight
fibrils. Most of the α–synuclein is in the pellets from fibrillation experiments conducted in
buffer and spermine. In SDS, however, most of the protein is in the soluble fraction.
DISCUSSION
The high sensitivity and simple spectra provided by 19F makes this isotope an attractive
probe of a complicated fibrillation process in which the protein may experience one or more
conformational transitions (Figure 1B). We expressed fY-labeled α-synuclein in E. coli by
using the method of Khan et al. (24). The mass data (Figure 2) show that 95% of the protein
molecules contain at least one fY. The pattern of the peak heights is consistent with random
fY incorporation. This conclusion is supported by the observation of nearly equal areas
under each 19F resonance in the NMR spectrum of the labeled wild-type protein (Figure 3).
In summary, the protein synthesis system does not distinguish between tyrosine and fY, but
an intracellular pool of tyrosine remains.
19F as a probe of protein order, solvent exposure, and conformational change
The spectra used to assign the fY resonances (Figure 3) show only a small range of 19F-
chemical shifts (~0.3ppm) compared to what is observed for globular proteins [up to 10 ppm
(20, 24)]. This limited dispersion is consistent with the known disorder of α-synuclein.
Nevertheless, each fY resonance is resolved.
The solvent exposure of the labeled side chains can be assessed with 19F NMR by
examining the change in chemical shift on replacing H2O with D2O. When the fluorine atom
is completely solvent exposed, its chemical shift can change by up to 0.25 ppm (26). Solvent
isotope effects are observed for all the labeled tyrosines in α-synuclein (Figure 4), consistent
with the idea that the protein has only transient structure.
19F NMR can provide insight into transient structure through the examination of co-solute-
induced shifts. We examined spectra of α-synuclein in buffer, 8-M urea, and 200-mM SDS
(Figure 5). The cosolute urea destabilizes secondary structure. Adding urea (Figure 5B)
causes minimal changes in the chemical shifts of the three C-terminal tyrosines, but a larger
change is observed for the resonance from fY39. This observation indicates that although
the C-terminal region is disordered, the N-terminal region possesses some residual structure
that is lost upon adding urea. This conclusion is consistent with data showing that α-
synuclein adopts a compact conformation and has residual N-terminal α-helical structure in
buffer (27-31).
α-Synuclein is mainly helical in SDS solution (32-34). The critical micelle concentration of
SDS under the conditions used here is less than 0.1 mM and each micelle comprises about
~100 SDS molecules (4, 35). Adding SDS to a concentration of 5 mM causes the fY39
resonance to both shift and broaden (Figure 5C), but the resonances from other residues are
less affected. We conclude that the side chain of fY39 interacts with the SDS micelle,
constraining its ns motion. We also conclude that SDS does not induce helix formation in
the C-terminal region of the protein. These conclusions demonstrate that 19F NMR is a good
probe of conformational change at the resolution of individual residues.
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19F NMR as probe of SDS-bound α–synuclein
15N-NMR data show that α-synuclein changes from a collapsed ensemble in buffer to an
ensemble comprising two curved, anti-parallel helices with a mobile C-terminus in solutions
of SDS micelles (34, 36). The 15N resonances from the central region of the protein broaden
beyond detection at a molar ratio of SDS to α-synuclein of 30 or less (34). These resonances
reappear at higher ratios, and their chemical shifts stop changing at a ratio of ~100 (34, 36).
The 19F data allow us to focus separately on the environment near position fY39 and the
environment of the other three tyrosines near the C-terminus of the protein. As shown in
Figure 6, the resonances of the C-terminal region do not change with SDS concentration.
This independence shows that the C-terminal end of the protein remains unstructured at all
SDS concentrations studied.
The fY39 resonance tells a more nuanced story. Its intensity decreases from 0-M SDS to an
SDS-to-α-synuclein molar ratio of 16:1. By a ratio of 60:1, the fY39 resonance has
disappeared, and a new, broad, fY39 resonance begins to appear appears at −60.2 ppm. We
interpret this disappearance and reappearance as evidence of the binding of α-synuclein to
SDS micelles. The change in chemical shift indicates a change in structure around fY39
upon binding micelles. The chemical shift of the new fY39 resonance does not change on
adding more SDS, indicating that the −60-ppm resonance reflects the environment of the
fully formed and micelle-bound form. Although the shift does not change, the intensity of
the new resonance increases with SDS concentration. This increase indicates an increase in
the population of the SDS-micelle-bound form.
The disappearance of the free fY39 resonance and the broad nature of the new fY39
resonance in 12-mM SDS are consistent with the results of the 15N study, but the 19F NMR
data provides additional information. Assuming that the breadth is caused by exchange
between the micelle-bound form and free forms, the observation of resonances from both
forms allows us to estimate that their exchange rate is about the same as the difference in
their resonance frequencies (~102 sec−1).
We tested the assumption that the breadth of the fY39 resonance in 12-mM SDS reflects
exchange by adding heat. Increasing the temperature should increase the exchange rate,
sharpening the resonance. This predicted sharpening is observed (Figure 7). In 6-mM SDS at
37 °C, the resonance is too broad to detect. When the temperature is increased to 60 °C, a
new signal appears at −59.8 ppm (The whole spectrum shifts because 19F chemical shifts are
exquisitely temperature sensitive.). In 18-mM SDS, the fY39 resonance from the micelle-
bound state is visible at both 37 °C and 60 °C. Taken together, these data indicate that the C-
terminal tyrosines do not interact with the micelles, but the side chain of tyrosine 39 does,
and that exchange between the bound- and free- states of the protein occurs on the 10-ms
timescale at protein concentrations of 200 μM in 12-mM SDS.
19F NMR as probe of fibrillation
The experiments described up to this point were conducted over the period of a few hours.
In the following sections we focus on longer times to test the ability of 19F NMR to provide
information about fibrillation.
α–Synuclein most likely gains structure on forming its aggregation nucleus. Once formed,
monomers are added to the nucleus to form fibrils. If there is a significant population of an
intermediate, we might expect to observe new 19F resonances. Solution NMR allows us to
focus on the soluble monomer and small aggregates, because once fibrils form their
resonances broaden beyond detection. NMR also facilitates quantification because the area
under a resonance is directly related to the concentration of the species it represents.
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The result for fibrillation in buffer shows what is expected (Figure 8A). That is, the
resonances disappear with time as the monomer and small aggregates form large fibrils. 19F
NMR data also provide information about intermediates. For instance, the observation that
the chemical shifts are time-independent leads us to conclude that either low molecular-
weight intermediates are absent or cannot be detected.
Studies using ThT to monitor fibrillation show that low concentrations of SDS or spermine
accelerate fibrillation (4, 37, 38). The NMR results for 1-mM spermine (Figure 8B) and 1-
mM SDS (Figure 8C) are consistent with these observations. The acceleration is not caused
by significant quantities of an NMR-detecable intermediate, because there are no chemical
shift changes.
Five-mM SDS slows fibrillation (Figure 8D). Our data on the interactions between α-
synuclein and SDS (Figure 6), combined with properties of SDS micelles suggest an
explanation for the concentration-dependent effect of SDS on aggregation rate. As stated
above, the critical micelle concentration under the conditions used here is less than 0.1-mM
SDS, and there are ~100 SDS molecules per micelle (4, 35). At 1-mM SDS and 200 μM α-
synuclein, the average micelle has 20 molecules of bound α-synuclein. At 5-mM SDS, the
average micelle has only 4 molecules of bound α-synuclein (33-35, 39). In agreement with
Rivers et al. (38), we conclude that the micelle-bound species of α-synuclein is in a more
aggregation prone conformation compared to the species present in buffer alone. The
presence of multiple copies of the aggregation prone molecule on the surface of a micelle
accelerates aggregation. Increasing the SDS concentration dilutes the concentration of the
conformation, which decreases the aggregation rate.
Comparing ThT and 19F NMR as probes of fibrillation
The time dependence of α-synuclein fibrillation as assessed by ThT fluorescence and the
area under the 19F resonances is shown in Figure 9. All the curves are consistent with the
nucleation-dependent polymerization model, which comprises a nucleation phase, an
exponential fibril growth (elongation) phase, and a final equilibrium phase.
ThT fluorescence is enhanced upon fibril binding. The resulting fluorescence intensity,
however, is not directly related to the amount of fibril gained or the amount of monomer lost
because the response of ThT depends on pH, dielectric constant, and fibril morphology (15,
16, 40). The area under the 19F resonances, on the other hand, provides a direct accounting
of the monomer plus small aggregates.
This advantage of NMR is illustrated by the data for fibrillation in 1-mM SDS (Figure 9).
Although ThT and 19F NMR data give similar kinetics (lag time phase, growth, and
plateau), the ThT data do not provide reliable concentrations. Specifically, in 1-mM SDS,
ThT fluorescence intensity is as high as that observed in buffer or in buffer plus spermine,
but the NMR data show that only ~45% α–synuclein forms fibrils in 1-mM SDS, compared
to 75-85% in buffer and spermine. These results are confirmed by SDS PAG electrophoresis
(Figure 10). Taken together, our data show that although 1-mM SDS and 1-mM spermine
accelerate aggregation compared to buffer alone, the species formed in SDS are smaller than
those formed in buffer or buffer plus spermine. To the best our knowledge, these results are
the first quantitative analysis of protein fibrillation using 19F NMR.
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Cartoon illustrations showing the location of the tyrosine residues in α-synuclein (A) and
the fibrillation process indicating the detectability of species by solution NMR (B).
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Deconvoluted mass spectrum of fY-labeled α-synuclein.
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19F-NMR spectra and assignments of wild-type α-synuclein (A), and the Y136F (B) Y133F
(C), and Y125F (D) variants in cell lysates. The arrows show the position of the resonance
that disappears in each variant. The resonance at 59.4 ppm is from free fY.
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19F-NMR spectra of α-synuclein in 10% (v/v) D2O (A) and 100% D2O (B).
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19F-NMR spectra of 200-μM α-synuclein in buffer (A), 8-M urea (B), and 200-mM SDS
(C). An asterisk indicates the position of the fY39 resonance.
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19F-NMR spectra of 200-μM α-synuclein in SDS. Asterisks indicate the positions of the
fY39 resonance from the free and bound forms.
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19F-NMR spectra of 200-μM α-synuclein in SDS at 37 °C and 60 °C. An arrow indicates
the position of the fY39 resonance from the bound form.
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19F-NMR spectra of 200-μM α-synuclein in buffer (A), 1-mM spermine (B), 1-mM SDS
(C), and 5-mM SDS (D) as a function of time. An asterisk indicates the position of the fY39
resonance from the free form.
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Fibrillation of α-synuclein monitored by ThT fluorescence (A) and 19F NMR (B) (□, buffer;
○, 1-mM SDS; △, 5-mM SDS; ▽, 1-mM-spermine). The lines connecting the points are of
no theoretical significance.
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SDS-PAGs of α-synuclein fibrillation products. Conditions are given on the figure (S,
supernatant; P, pellet). Lane 1 is a marker with molecular weights indicated in kDa.
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